The self-splicing rRNA intron of Tetrahymena tbermopbila contains two stem-loop structures (P9.1 and P9.2) near its 3' end that are not conserved among group I introns. As a step toward deriving the smallest active selfsplicing RNA, 78 nucleotides encompassing P9.1 and P9.2 have been deleted. This deletion has no effect on the core catalytic activity of the intron, as judged by its ability to catalyze poly{C) polymerization and other related reactions. In contrast, reactions at the 3' splice site of the rRNA precursor-exon ligation and intermolecular exon ligation-take place with reduced efficiency, and exon ligation becomes rate-limiting for self-splicing. Moreover, intermolecular exon ligation with pentaribocytidylic acid is inaccurate, occurring primarily at a cryptic site in the 3' exon. A deletion of 79 nucleotides that disrupts P9, as well as removing P9.1 and P9.2, has more severe effects on both the first and second steps of splicing. P9, a conserved helix at the 5' edge of the deletion point, can form stable alternative structures in the deletion mutants. This aberrant folding may be responsible for the reduced activity and accuracy of reactions with mutant precursors. Analysis of the cryptic site suggests that choice of the 3' splice site may not only depend on sequence but also on proximity to P9. In the course of these studies, evidence has been obtained for an altemative 5' exon-binding site distinct from the normal site in the internal guide sequence. Many RNA transcripts contain domains called introns (intervening sequences, IVSs) that are not found in the mature RNA but are removed by a process called RNA splicing. Some introns are capable of splicing in the ab sence of proteins or other macromolecular factors. Therefore, the information required for this self-splicing is contained within the native structure of the intron itself (Kruger et al. 1982) .
Many RNA transcripts contain domains called introns (intervening sequences, IVSs) that are not found in the mature RNA but are removed by a process called RNA splicing. Some introns are capable of splicing in the ab sence of proteins or other macromolecular factors. Therefore, the information required for this self-splicing is contained within the native structure of the intron itself (Kruger et al. 1982) .
Group I introns splice by a two-step transesterification mechanism that is initiated by nucleophilic attack of a guanosine cofactor (Cech 1987) . The 60 reported members of this class are heterogeneous with respect to length, ranging from 258 to 2641 nucleotides (Michel and Cummings 1985; Trinkl and Wolf 1986) , and show little primary sequence homology. However, at the sec ondary structure level, there is remarkable conservation. Three conserved base-paired elements (P3, P4, and P7) can be aligned so that all of the group I introns are superimposed in a core region (Davies et al. 1982; Mi chel et al. 1982; Been et al. 1987) . Nucleotides unique to a particular intron are folded in additional helices or helix extensions, so that the linear or spatial distances between the conserved elements are maintained (Fig.  lA) .
^Corresponding author.
Self-splicing conditions have been found for 11 of the group 1 introns discovered to date (Cech 1987) . Examina tion of the secondary structures of these molecules has not revealed additional conserved features beyond those found in all group 1 introns. Therefore, it should be pos sible to remove nonconserved helices from a selfsplicing RNA and obtain a catalytic molecule that would be of a size more amenable to physical studies. Previous attempts at deleting sequences have met with some success (Been and Cech 1985; Price et al. 1985; Ehrenman et al. 1986; Szostak 1986 ). Flere, we report that excision of nearly a fifth of the Tetrahymena ther mophila rRNA intron leaves a molecule that is still ca pable of all of the reactions characteristic of a group I self-splicing RNA. In the course of characterizing the ef ficiency of this deletion mutant, we have found evidence of 3'-splice site influence on the first step of splicing and discovered a cryptic site of intermolecular exon ligation in the 3' exon. [Intermolecular exon ligation or transsplicing is a reaction in which an exogenous oligonu cleotide with a sequence resembling that at the end of the 5' exon becomes ligated to the 3' exon ]. Analysis of the properties of the cryptic site sug gests that spatial constraints, in addition to the known sequence constraints, are operant in 3' splice site choice.
Unexpectedly, evidence for an alternative 5' exonbinding site, which is not part of the well-characterized internal guide sequence (IGS; see Davies et al. 1982) , has been found. Alternative conformations of the RNA that might explain the new site of intermolecular exon liga tion are illustrated.
Results

Deletion mutants
Using Nhel and Seal restriction sites, 78 nucleotides en compassing the DNA coding for the two terminal non- 
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Cold Spring Harbor Laboratory Press on October 19, 2017 -Published by genesdev.cshlp.org Downloaded from conserved helices, P9.1 and P9.2, were removed from the Tetrahymena rRNA intron. This mutant was named A78, and its sequence in the vicinity of the deletion is shown in Figure IB . Another mutant with 79 nucleo tides deleted, A79, was also found. The loss of the addi tional nucleotide disrupts the terminal base pair of con served helix P9.
Synthetic DNA containing restriction endonuclease recognition sites (linkers) was inserted between the Nhel and Seal sites to increase the lateral distance between P9 and the 3' splice site so that it would resemble that in the wild-type secondary structure more closely. A 78 -I-6 contains six nucleotides of digested linker (Fig. IB) . A78 -I-14 contains 14 nucleotides of one and one-half repeats of linker, and its 3'-splice site lines up with that of the wild-type in linear sequence. A78 -h 32 has 32 nu cleotides of sequence that resemble those of the linkers but are not identical to them or any other nucleotides present in pBGST7.
In vitro splicing activity
Internally radiolabeled precursor RNA was transcribed from the different deletion constructs, purified, and ana lyzed for self-splicing activity. An autoradiogram of the products separated on a polyacrylamide gel shows con siderable variation in the reactivity of the mutants (Fig.  2) . A78 is the most active, producing about half as much excised IVS and ligated exons as wild type under splicing conditions. Under cyclization conditions, the difference in the level of ligated exons between wild type and A78 is reduced, indicating that increased magne sium ion and temperature increase the splicing effi ciency of the mutant. (Neither increased magnesium ion nor temperature alone had this effect; data not shown.) The levels of free 5' exon and 3' exon are increased with the A78 mutation, suggesting a block in exon ligation. There is more free 5' exon than free 3' exon and marked accumulation of IVS-3' exon, indicating that activity at the 3' splice site is impaired. Activity of the 3'-splice site toward hydrolysis is also low relative to wild type, as indicated by the reduced production of 3' exon. Circle formation, however, appears to be at normal levels.
A79, although only one nucleotide shorter than A78, is considerably less reactive. The amount of ligated exons and free IVS is about half that of A78 under splicing con ditions, and IVS-3' exon and 5' exon are the major species that accumulate. Splicing activity increases dra matically under cyclization conditions, producing ap proximately the same amount of ligated exons as A78, again suggesting that the conditions of higher tempera ture and magnesium ion can compensate for the defect. As in A78, circular intron is formed at the normal level once the IVS is excised.
The reinsertion mutants, A78 -H 6, A78 -I-14, and A78 -I-32, which were designed to restore spacing be tween the base of P9 and the 3'-splice site (see Fig. lA ), all splice less efficiently than A78. In these mutants the amounts of excised intron and ligated exons decrease with the number of nucleotides inserted. Activity at the 3' splice site still appears to be blocked, because IVS-3' exon accumulates. Accuracy of splicing may be im paired, as multiple species migrating near the positions expected for introns and circles appear under cyclization conditions.
Activity of the 3'-splice site and enzymatic activity of the core
The results given above suggest that the deletions affect certain reactions to a greater extent than others. This was directly tested by using the same substrate to per form two different reactions-intermolecular exon liga- Figure 1 . Deletion mutation sequences. {A) Secondary structure context of the deletion mutations. A model of the T. thermophila rRNA intron derived from structural studies (Cech et al. 1983; and comparative sequence analysis (Davies et al. 1982; Michel and Dujon 1983) , drawn primarily according to convention . Helices that are potentially dispensable by phylogenetic criteria are outlined. Splice sites are indicated with thick arrows, and endpoints of the A78 deletion are indicated with thin arrows. {B) Sequences of the mutants described here aligned from nucleotide 327 in P9. (|) A deletion cut site; (||) a deletion junction; (♦) the wild-type 3'-splice site; (O) a cryptic 3'-splice site described in this work. tion and poly(C) polymerization. Intermolecular exon li gation, or trarzs-splicing, was used to test the activity of the 3'-splice site in the precursor. In this reaction, oli gonucleotides that can bind to the 5' exon-binding site (IGS) are incubated with the precursor under splicing conditions in the absence of guanosine. The 5' exon equivalent displaces the intramolecular 5' exon and adds onto the 3' exon in a reaction analogous to exon ligation . The poly(C) polymerization reaction was used to test the enzymatic proficiency of the mole cule in the absence of exons. When appropriately bound to the 5' exon-binding site, pentaribocytidylic acid (C5) is cleaved by the 3' terminal guanosine. One or more Cs are thereby covalently added to the 3' end of the intron, creating a 3' exon equivalent. Another C5 molecule can replace the cleaved C5 and attack at the new 3' exon equivalent in a reaction analogous to exon ligation (Zaug and Cech 1986 ). To compare the 3' splice site and catalytic core activi ties, 5' ^^P-labeled C5 was reacted with tritiated pre cursor or IVS under identical conditions (Fig. 3) . Poly merization is little affected by the mutations; the ac tivity of A78 is close to that of the wild-type RNA, whereas A79 and A78 + 6 are each about half as active. In contrast, the addition of C5 to the 3' exon is reduced dramatically. Moreover the major site of C5 addition in the mutant RNAs is not the 3' splice site but an altemative site within the 3' exon (note bands at -h8 and +20 in Fig. 3 ). This is an unexpected result, inasmuch as the polymerase mechanism requires C5 attack at the same phosphodiester bond that is cleaved by C5 in intermolec ular ligation. Circle reopening, another reaction that re quires attack at that phosphodiester bond, also appears to be little affected by the deletion (see product labeled C5-IVS in Fig. 3 ).
Accuracy of 3'-splice site attack
The novel species produced by C5 attack at the altemative sites in A78 were isolated and sequenced by partial ribonuclease cleavage (Fig. 4) . The species labeled -1-8 was found to result from attack eight nucleotides into the 3' exon, following the sequence GUAG. The other product, labeled +20, has C5 added to the normal 3'-splice site and ends after the G at nucleotide +8. This could result from site-specific hydrolysis at the cryptic site plus C5 addition at the normal site, or from sequen tial C5 addition at both the normal and cryptic sites.
The site of exon ligation used in the intramolecular self-splicing of the deletion mutants was examined. Splicing products comigrating with wild-type ligated exons were purified from gels and sequenced with dideoxynucleotides and reverse transcriptase (data not shown). Within the limit of detection, the mutants showed only correct ligation of the 5' exon to the 3' exon.
The discrepancy in 3'-splice site between the intermo lecular and intramolecular exon ligation reactions could reflect that C5 is not an exact 5' exon equivalent. To test this possibility, precursors were reacted with GGCU-CUCU (which ends in the same six nucleotides as the 5 exon) and CCCCC (PRE lanes in Fig. 5 Cp^-3'EX-*8
^20-
Figure 3. C5 addition to precursor at the 3'-splice site and C5 polymerization by IVS species. Tritiated precursors or introns were incubated with 10 JJLM 5'-^^P-labeled C5 for 30 or 60 min in a buffer fa vorable for both polymerization and intermolecular exon ligation. The doublets occurring at C5-3' exon and C5-3' exon + 8 are the result of heterogeneity at the 3' end of the T7 transcript (data not shown). The doublets seen in the higher order C5 polymerization products are not due to impurities within the C5 oligonu cleotide preparation (data not shown) but probably result from reaction with the cyclization by-product, 15-mer. The promi nent bands near the top of the gel (C5-IVS) are the result of circle reopening by C5, as cyclization of the IVS can occur under these conditions. of GGCUCUCU attack in A78 is at the normal 3'-splice site, suggesting that the alternative specificity with C5 is due to the sequence difference. There are two possible explanations for this sequence-specific alternative cut ting. C5 could be binding to the same 5' exon-binding site in a different conformation than GGCUCUCU, which is plausible, as there are many possible align ments of C5 on a GGAGGG template. Alternatively, a different binding site, which is preferential for C5, could become accessible in the deletion mutants. The latter hypothesis was tested directly by reacting oligonucleotides with precursors that had the 5' exonbinding site removed (-IGS lanes in Fig. 5 ). Under the conditions used, A78 did not show addition of C5 in the absence of the 5' exon-binding site. However, the wildtype precursor lacking the 5' exon-binding site did show some reactivity for C5 although at a different altemative site than A78. This demonstrates that an altemative binding site exists within the intron, although it is not seen in the wild-type precursor when the normal 5' exon-binding site is present.
Activity of the 5'-splice site
The results discussed above suggest that the loss of splicing efficiency in the mutants is due, at least in part, to a block in the second step of splicing, cleavage-liga tion at the 3'-splice site. To measure independently the efficacy of the first step of splicing, guanosine addition, ^H-labeled precursor RNAs were reacted under splicing conditions with [a-^^P] GTP. An autoradiogram of the products resolved on an acrylamide-urea gel shows that the deletion mutants do not incorporate GTP at the same level as the wild-type precursor (Fig. 6A) . As is shown in Table 1 , the initial rates of GTP addition are more affected than the extent of reaction after 30 min, indicating that guanosine addition is not the major con tribution to the reduced efficiency of mutant pre-rRNA splicing seen in Figure 1 .
The diminished 5'-splice site activity of the A mu tants could be due to the absence of sequences in P9.1-P9.2 or to an aberrant structure created by the deletion. To distinguish between these two effects, precursors missing different portions of the molecule were tested 
W::
ii^ifliil::-: Figure 4 . Accuracy of 3'-splice site attack. Enzymatic sequencing of the products of C5 addition to wild-type and mutant precursors. Labeled C5 addition products were excised form a gel, purified, subjected to partial ribonuclease digestion, and run on an 18% polyacrylamide-8 M urea gel. The lanes are labeled as follows: (A| Alkaline ladder; (0) incubated in the absence of enzyme; (T) RNase Tl which cuts after G; (U) RNase U2, which cuts after A; (P) RNase PhyM, which cuts after U and A; (C) RNase CL 3, which cuts after C. The bands corresponding to the first five C residues at the bottom of the gel are not shown.
for guanosine addition as above. Plasmid linearized with Bglll produces a precursor that ends at nucleotide 234 and therefore lacks many of the conserved helices (P3, P6, P7, P8; see Fig. lA ). This RNA shows no GTP addi tion (Fig. 6B) another precursor that contains all of the sequences up to the 5'-deletion point (position 335; see Fig. 1 A) was made with plasmid linearized with Nhel. It adds GTP at an initial rate that is less than wild type and also less than A78 (Table 1 ). The final precursor includes the helices deleted in the mutants, but not the nucleo tides included past the 3'-deletion point; it was made with a Seal run off, which ends at nucleotide 409 in the intron (see Fig. 1 A) . It adds GTP better than the 335 pre cursor does and at an initial rate comparable to that of A78. These results suggest that guanosine addition is en hanced by nucleotides proximal and distal to position 409 in the intron. These 3'-splice site interactions need not be directly with the 5'-splice site but may involve interactions elsewhere that alter binding to the catalytic core.
Discussion
At 413 nucleotides, the Tetiahymena rRNA intron is the smallest natural self-splicing RNA and is at least as efficient as any of the other self-splicing introns. Pre vious deletion studies of this intron have shown that a nonconserved helix (P6b in Fig. I A) can be truncated without changing the splicing activity (Price et al. 1985) and that nucleotides following position 335 are not re quired for the first step of splicing (Szostak 1986) . In this work we have eliminated 78 nucleotides (between posi tions 331 and 410) and produced an intron still capable of catalyzing all of the transesterification reactions of the wild-type molecule.
Removal of the 78 nucleotides does not prohibit the catalysis of any of the reactions characteristic of this in tron, but it does result in reduced efficiency for some of the reactions. There are several possible explanations for this decreased capacity. The simplest is that the intron has evolved such that the deleted helices are required for optimal stability of the precursor three-dimensional structure. Another possibility is that this particular de letion produces a suboptimal spacing between conserved helix P9 and the 3' splice site. Finally, the helices them selves might not be important, but in their absence re folding might occur and might disrupt catalytically re quired structures. These are not mutually exclusive pos-
GGCUCUCU Figure 5 . GGCUCUCU and C5 addition to wild-type and A78 precursors and to species with the 5' exon-binding site deleted. Tritiated precursors (PRE) and species lacking the 5' exon-binding site (-IGS) from wild-type and A78 were incubated with 5'-^^P-labeled pGGCUCUCU or pCCCCC for 30 or 60 min under the same buffer conditions as those used for the C5 reactions in Figure 3 . (Lanes 0) Unreacted oligonucleotide.
sibilities but are most readily discussed separately. The first proposed explanation-that there is a direct interaction of the deleted helices with the rest of the molecule-is not addressed by the experiments in this work and would require further mutagenesis to prove or disprove. Support for this idea comes from the observa tion that nucleotides 340-352 in P9.1 are complemen tary to nucleotides 75-87 in P2.1 (Been et al. 1987 ). The finding of proportionately greater reactivity under con ditions of higher temperature and magnesium ion is con sistent with a conformational change yielding increased catalytic capacity. Because reactions with the 3' exon are affected more than other reactions, a global loss of stability is probably less pertinent than a local structural defect.
The second possibility-that reactivity is reduced due to alteration of a critical spacing between P9 and the 3'-splice sites-although addressed by this work, cannot be excluded due to complicating factors (vide infra). The excised A78 intron is as capable as wild type in cata lyzing polymerization reactions, indicating that the shorter distance between P9 and the 3'-splice site does not affect catalytic activity adversely. This is consistent with phylogenetic conservation as three group 1 introns have their 3'-terminal G immediately following P9; these include Schizosaccharomyces pombe AI2a (Trinkl and Wolf 1986) and S. cerevisiae cob b4 (Michel et al. 1982) . The excised intron of A78 H-6, however, is less reactive than A78, suggesting that either the sequence of the nucleotides inserted is affecting the structure of the enzyme or that certain distances can be tolerated better than others in a particular intron tertiary structure.
The final possibility-that the deletions cause re folding of the molecule, which disrupts a catalytically important interaction-is entirely consistent with the results presented in this work. All of the reactions in volving the 3' exon are reduced in activity: 3'-splice site hydrolysis, intermolecular ligation, and exon ligation. The polymerization and circle reopening reactions, which are mechanistically similar (involving cleavage of the phosphodiester bond 3' to G414) but have different sequences following G414, do not show the same dra matic reduction in activity. This suggests that 3'-splice site reactivity is no longer adversely affected after the 3' exon is removed. The reduction in the site-specific hy drolysis reaction indicates that the problem is probably one of 3'-exon orientation within the precursor. The sole requirement for site-specific hydrolysis should be proper alignment of the 3' exon within the active site of the molecule (Inoue et al. 1986) . The difference in the ability of the 3'-splice site bond to be cleaved in the absence and presence of the 3' exon suggests that the exon may contain a sequence that can interfere with reactivity, potentially by refolding with a sequence critical for ca talysis.
The sequences of the RNA precursors of all of the de letion mutants can be refolded in a secondary structure that sequesters the bona fide 3'-splice site in a helix and aligns the alternative splice site at the same position (Fig. 7A ). This refolding would require disruption of eonserved helix P9 and is thermodynamically reasonable, as the calculated free energies of helix formation of the al ternative structures are comparable or more stable than the wild-type P9 folding. In the wild-type intron, the 3'-exon sequence (UAAGG), which is proposed to base pair to P9 sequences, is much farther away than it is in the WT A^8 A79 A78*6 ^78*14 ^78*32 
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Alteration of P9 can also account for the reduced 3'-splice site activity of A 79 relative to A 78. The extra nu cleotide deleted in A79 disrupts the terminal base pair of P9, so that its helix is 1 bp shorter in length. In addition, the spacing between P7 and P9 within the catalytic core is increased by one nucleotide. A point mutation in a different self-splicing group I intron, the phage T4 td intron, alters the nucleotide equivalent to the extra one removed in A79 and also has a phenotype of defective 3'-spHce site activity (Hall et al. 1987 ). Thus, P9 may be involved in positioning the 3'-splice site.
Not only is the accuracy of reactions at the 3'-splice site affected in the deletion mutants, but the sequence of the cryptic 3'-splice site at GUAG/C is not one expected in light of previous work. Insertion of multiple linkers between U409 and A410 does not affect 3'-splice site choice (Price et al. 1985) , so the sequences that define the 3'-splice site are presumably distal to A410. C413 and G414 have been shown to be important in the binding of the 3'-splice site ; J.V. Price and T.R. Cech, in prep.). Thus, our prediction for a cryptic 3'-splice site would have been the sequence CUCG/U, which occurs in an ostensibly single-stranded region 20 nucleotides downstream from the normal CUCG/U 3'-sphce site (see Fig. IB ). Because the GUAG/ C site that is preferred occurs eight nucleotides from the correct site, proximity may also be a factor in 3'-splice site choice. In addition, interactions with the nucleo tides downstream from the 3'-splice site may have some importance (Davies et al. 1982; Waring and Davies 1984; cf. Been and Cech 1985) .
The novel site of intermolecular exon ligation (see Fig.  3 ) occurred upon reaction with C5 but not with GGCU-CUCU. Such specificity was unanticipated, as C5 binds to the same site (the IGS) as the CUCUCU at the 3' end of the 5' exon (see Fig. lA ; Been and Cech 1986 ). This would suggest that C5 can also bind to a second site in the molecule, a site that does not bind GGCUCUCU productively and is not normally available within the wild-type precursor. A potential binding site with these characteristics is the GGGAGA located in the P9 of the deletion mutants (Fig. 7B) . Here, GGCUCUCU not only aligns differently than C5, but also forms more base pairs and could be sterically hindered from reaction at the GUAG/C site. This same binding site might also explain the C5 addition site in the wild-type RNA lacking the Reactions were quantified by excising the bands from gels and measuring radioactivity in a liquid scintillation counter. RNA molecules labeled with an asterisk (*) were produced by runoff transcription of the wild-type (WT) template truncated at sites within the intron. * Amount of reaction after 30 min.
IGS, as it could form the same internal geometry (Fig.  7B) . Finally, the location of the site is consistent with a three-dimensional model of group I active sites, as PI and P9 are positioned in close proximity to one another (Kim and Cech 1987) . Although nucleotides beyond position 335 (the 5' ter minus of the deletion) are not absolutely required for guanosine attack at the 5'-splice site (Szostak 1986 ), our results with the wild-type truncated precursors show that the efficiency of guanosine addition is markedly improved when at least some of these nucleotides are retained. This may reflect decreased structural stability of precursor truncated at position 335 (A. Zaug, unpubl.) or loss of particular interactions. The Seal precursor that includes all nucleotides up to position 409 does not add guanosine at the initial rate of the wild-type RNA, which suggests that nucleotides immediately preceding the 3'-splice site and/or the first few nucleotides of the 3' exon contribute to the active structure at the 5'-splice site. The guanosine-binding site and the 3'-splice site should be spatially close, as hydrolysis at the 3'-splice site is inhibited by competitive inhibitors of guanosine binding (Bass and Cech 1986) . Together, these results in dicate that interactions of the 3'-splice site influence the first step of splicing.
Materials and methods
Materials
Restriction enzymes, linkers, and sequencing primers were purchased from New England Biolabs. Other primers were syn- Figure 7 . P9 structures potentially responsible for the reduced activity in the presence of the 3' exon and for the cryptic C5 addition activities. The boxed P7 represents the sequences 5' to the refolded P9s and the filled square indicates the normal 3' splice site.
[A] The deletion mutant P9 can be refolded with sequences in the 3' exon to give stable structures that hide the correct 3' splice site. Free energies of formation of the helices were calculated from published values (Freier et al. 1986 ; D.R. Groebe and U.L. Uhlenbeck, pers. comm.). The small helix in the wild-type 3' exon, which hides the cryptic splice site, is phylogenetically proven for 28S rRNAs (Clark et al. 1984) .
[B] P9 structures can be opened to provide an alternative binding site for C5. The A78 pairings [left] indicate how this site could accommodate C5 and sterically occlude GGCUCUCU from productive binding.
[Right] The analogous structure for the wildtype species missing the 5' exon-binding site, with the probable site of attack in the 3' exon indicated. thesized in the laboratory of Marvin Caruthers. T4 polynucleo tide kinase, T4 DNA ligase, and radiolabeled nucleoside tri phosphates were obtained from New England Nuclear. AMV reverse transcriptase came from Life Sciences. Pentaribocytidylic acid (C5) and T4 RNA ligase were provided by Olke Uhlenbeck. Ribonucleases Tl and U2 were bought from Calbiochem, and mung bean nuclease from EBI. Ribonucleases CL 3, PhyM, and H came from BRL. T7 RNA polymerase, purified by a published procedure (Davanloo et al. 1984) , was a gift from Art Zaug. GGCUCUCU was a gel purified, phage T7 RNA poly merase transcript of a synthetic DNA template and was a gift from Bert Flanegan.
Plasmid constructions
The IVS-deletion mutations in this work were derived from pBGSTZ, a plasmid containing the T. thermophila rRNA intron and short exons cloned downstream from a phage T7 promoter (Been and Cech 1986) . The DNA between the Nhel and Seal restriction sites at positions 332 and 410 within the intron was deleted. Plasmid pBGST? linearized with Nhel was digested with mung bean nuclease to remove the 3' single-stranded tail. This product was then treated with Seal under partial digestion conditions, as the enzyme cuts at an additional site in the plasmid. After ligation and transformation into Escherichia coh JM83, the bacteria were plated on LB agar containing ampicillin and Xgal. The colonies were screened first by hybridization (after Gergen et al. 1979) to IP 350-15, a primer that binds within P9.1. DNA from minipreps (Holmes and Quigley 1981) of nonhybridizing clones was characterized by restriction endonuclease digestion and sequenced (Sanger et al. 1977) . In ad dition to the expected construction, A78, a deletion mutant of 79 nucleotides was also found. This mutant, A79, has deleted G231 in addition to the other 78 nucleotides and resulted pre sumably from single-stranded nuclease digestion of the first nucleotide of the double-stranded end of the restriction site, which became accessible from helix breathing.
Mutants that had sequences inserted into the A78 deletion were constructed as follows. An Xbal linker was chosen for its complementarity to the Nhel sticky end. A Seal partial diges tion of pBGST7 was ligated with Xbal linkers, digested with Xbal, and finally digested with Nhel, After ligation and trans formation into JM83, the bacteria were plated on LB agar con taining ampicillin and Xgal. DNA from minipreps was assayed by restriction endonuclease digestion and sequencing. The ex pected mutant, A78 -\-6), resulting from the addition of one di gested linker, was found. Two additional mutants were found: one (A78 -I-14) resulting from the addition of an extra linker plus the digested one, and the other (A78 -h 32), which has DNA of unknown origin between the Nhel and Seal sites.
RNA preparation
Precursor RNA was synthesized by in vitro transcription at 30°C, using T7 RNA polymerase. Plasmids were linearized with Hindlll, Narl, Xbal, or Ndel, which when transcribed yielded unique precursors with different sized 3' exons. Ten micrograms of the DNA was ethanol precipitated and brought up in 250 | JL1 of buffer containing 4 mM each NTP, 15 mM MgCli, 1 mM spermidine, 5 mM dithiotreitol (DTT), 40 mM Tris (pH 9.1), 100 ixg/ml serum albumin, and 2500 units of T7 RNA polymerase. To radiolabel the RNA, either |a-^^P]ATP or PH]UTP was included without adjusting the concentration of unlabeled NTP in the transcription. To produce IVS and ligated exons, NaCl was added to 100 mM after 2 hr of RNA synthesis, and the transcription reactions were incubated at 37°C for an additional 2 hr. The RNA was purified by 4% polyacrylamide-8 M urea gel electrophoresis, followed by excision of the appro priate band, elution by crush and soak, and column chromatog raphy on Sephadex G50-150.
Species lacking the 5' exon-binding site were prepared by RNase H cleavage of wild-type and A78 presursor RNAs with a synthetic DNA oligonucleotide. Gel-purified precursors (30 pmole) were incubated with 164 pmole of primer IP32-14 (GCATGCCTGATAAC) in a buffer containing 50 mM Tris (pH 7.5) and 50 mM KCl. These mixtures were heated for 3 min at 95°C and slow-cooled to 37°C. MgClj was then added to 10 mM, and the reaction started with 5 units of ribonuclease H. After 20 min at 37°C, the reactions were stopped with formamide dye mix containing 25 mM EDTA and loaded onto a 4% polyacrylamide-8 M urea gel. Ultraviolet irradiation of the ethidium bromide-stained gel revealed the bands expected from digestion of nucleotides 32-45 in the intron: 407 and 296 nucleotides for wild-type and 329 and 296 nucleotides for A78. The bands con taining the introns beginning at nucleotide 46 were excised and purified as described above.
RNA sequencing
Ligated exons were sequenced by primer extension with reverse transcriptase in the presence of dideoxynucleotides, as de scribed by Zaug et al. (1984) , except that 42°C was used instead of 37°C in an attempt to reduce the effect of secondary struc ture in the RNA. Gel-purified C5-3'-exon species were se quenced by partial RNase digestion (Donis-Keller et al. 1977 ).
Reaction conditions
In vitro self-splicing of the mutant precursor RNAs was con ducted under the following conditions (1) Zero: 5 mM EDTA, 30 mM Tris (pH 7.5), 100 mM {NH4)2S04, 30°C; (2) splicing: 0.05 mM guanosine, 5 mM MgClj, 30 mM Tris (pH 7.5), 100 mM (NH4)2S04, 30°C; (3) circularization: 0.05 mM guanosine, 10 mM MgCli, 30 mM Tris (pH 7.5), 100 mM (NH4)2S04, 42°C; (4) hydrolysis: 10 mM MgCli, 30 mM Tris (pH 9.0), 100 mM (NH4)2S04, 42°C. The reactions were stopped after 30 min with the addition of formamide dye mix containing 25 mM EDTA, and the samples were loaded onto a 4% polyacrylamide-8 M urea gel.
Reactions of C5 with precursor and intron were performed in the following manner. Tritiated precursors prepared from Hin dlll-linearized plasmid were incubated in a buffer containing 50 mM Tris (pH 7.5), 100 mM NaCl, 20 mM MgClj, 0.001 mM precursor, and 0.01 mM C5 with a trace quantity of 5'-^^P-labeled C5. Reactions were stopped after 30 or 60 min and mixed with EDTA-formamide dye solution, and samples were loaded onto a 20% polyacrylamide-8 M urea gel. Reactions with GGCUCUCU were done identically. GTP addition to the 5'-splice site was tested as follows. Tri tiated precursors prepared from Hindlll-linearized plasmid were incubated in a buffer containing 30 mM Tris (pH 7.5), 100 mM (NH4)2S04, 5 mM MgClj, and 0.0005 mM P^PJGTP (800 Ci/ mmole) at 30°C. Reactions were stopped on dry ice at 0, 2, 5, 10, 30, and 60 min and mixed with EDTA-formamide dye solution and the samples were loaded onto a 4% polyacrylamide, 8 M urea gel.
